Exposure to prolonged, uncontrollable stress reduces reward-seeking behavior, resulting in anhedonia in neuropsychiatric disorders, such as posttraumatic stress disorder. However, it is unclear to what degree stressed subjects lose interest in rewards themselves or in reward-related cues that instigate reward-seeking behavior. In the present study, we investigated the effects of single prolonged stress (SPS) on cue-directed behavior in two different procedures: Pavlovian conditioned approach (PCA) and cue-induced reinstatement of cocaine-seeking. In Experiment 1, rats were exposed to SPS and tested for the acquisition of sign-tracking (cue-directed) and goaltracking (reward-directed) behaviors during a PCA procedure. In Experiment 2, rats were exposed to SPS and tested for the expression of sign-and goal-tracking as well as cue-induced reinstatement of cocaine-seeking. Because dopaminergic activity in the nucleus accumbens is known to play a central role in many cue-directed behaviors, including both sign-tracking and cue-induced reinstatement, Experiment 3 used in vivo microdialysis to measure the effect of SPS on baseline and evoked dopamine levels in the nucleus accumbens. SPS decreased sign-tracking and increased goal-tracking during the acquisition of PCA behavior without affecting reward consumption. In addition, SPS decreased cue-induced reinstatement without affecting cocaine self-administration. Finally, SPS decreased evoked but not baseline levels of dopamine in the nucleus accumbens. These results suggest that SPS decreases the motivational, but not consummatory, aspects of reward-seeking behavior, which may result from long-term, SPS-induced reductions in dopamine release in the nucleus accumbens.
Introduction
Exposure to prolonged, uncontrollable stress can lead to the development of neuropsychiatric disorders, such as posttraumatic stress disorder (PTSD). One feature of PTSD is anhedonia, or the pathological lack of interest or pleasure in once desirable activities. Stress-induced anhedonia is typically modeled in animals by exposing subjects to prolonged or repeated uncontrollable stressors and then measuring the resultant decreases in reward-related behavior. For example, rats exposed to prolonged stress show decreases in exploratory behavior, sexual behavior, consumption of sweetened liquids, conditioned place preference for palatable foods and drug rewards, and operant responses for rewarding brain stimulation [1] [2] [3] [4] . The standard interpretation has been that in these situations reward-related activities are diminished, because, as thought for depressed patients, they no longer find these activities pleasurable.
However, the concept of anhedonia as a diminished capacity for pleasure has been recently challenged [5] . The most common way to assess anhedonia is simply to ask patients whether they are experiencing decreased enjoyment of activities that they would normally find pleasurable, and affected individuals reliably report a lack of pleasure [6] . Yet, people's estimates of their own subjective enjoyment of future, past, or hypothetical activities are often inaccurate and can be heavily influenced by their own past decisions on whether to engage in those activities [7] [8] [9] [10] [11] . Several clinical studies have found that patients endorsing anhedonia often show normal hedonic responses to rewarding stimuli when affect is measured in real time [5, [12] [13] [14] [15] . It has been suggested, therefore, that the symptomatic deficit in patients may primarily be their motivation to pursue rewards, rather than their hedonic capacity to enjoy rewards [16, 17] .
A crucial process in generating motivated behavior is the attribution of incentive-motivational value to cues in the environment associated https://doi.org/10.1016/j.bbr.2018.07.026 Received 5 April 2018; Received in revised form 27 June 2018; Accepted 27 July 2018 with reward [18, 19] . Although it is often difficult to dissociate the predictive properties of cues from their incentive-motivational properties, Pavlovian conditioned approach (PCA) procedures allow one to do so by separating in space the cue that predicts an impending reward from the location of reward delivery. For example, in the procedure used here, extension of a retractable lever, situated a few centimeters away from a pellet magazine, response-independently predicts the delivery of food pellets. Thus, on any given trial the rat may choose to interact with the lever (sign-tracking) or enter the magazine (goaltracking) when the lever is extended, even though neither action influences reward delivery [20] . For sign-trackers, the reward-related cue acquires incentive-motivational value, evidenced by their propensity to approach and interact with it as well as their willingness to work for it during a conditioned reinforcement test [21] . In contrast, for goaltrackers, the reward-related cue acquires predictive value, but it does not appear to become particularly attractive or rewarding for them (i.e., the cue itself does not acquire incentive-motivational value).
Single prolonged stress (SPS) is the serial application of three stressors (restraint, forced swim, and ether exposure), which has been reliably used to model PTSD-like behaviors [22] and depression-like behaviors, such as "despair" in the forced swim test [23, 24] . In the present study, we assessed the effects of SPS on the incentive-motivational properties of food-and cocaine-related reward cues. First, we measured sign-tracking, goal-tracking, and consummatory behaviors to compare and contrast the incentive properties of food-related cues versus food as a primary reward in rats exposed to SPS. To test whether these findings would extend to cue-induced behaviors toward other primary rewards, we assessed cue-induced reinstatement of cocaineseeking behavior in SPS-exposed rats. Finally, because decreased dopamine (DA) transmission has been proposed to mediate stress-induced reductions in reward-seeking behavior [25] [26] [27] [28] and DA release within the nucleus accumbens (NAc) can selectively affect cue-directed behaviors while sparing primary reward responses [29] [30] [31] , we used in vivo microdialysis to measure baseline and evoked levels of DA within the NAc of SPS-exposed rats.
Experimental procedures

Animals
Adult male Sprague Dawley rats (275-300 g) were purchased from Charles River and Harlan Laboratories. Rats were selected from these two vendors to maximize variability in sign-and goal-tracking behaviors [32] . Animals were maintained on a 12:12-h light/dark cycle, and housed individually with food and water available ad libitum for the duration of experimentation. All procedures were approved by the University Committee on the Use and Care of Animals (University of Michigan; Ann Arbor, MI). Fig. 1 shows the timeline for the three experiments in the present study. In Experiment 1, rats were exposed to SPS followed by five daily PCA training sessions. In Experiment 2, rats underwent five daily PCA training sessions followed by SPS and a single PCA training session to measure the expression of PCA behavior. Next, rats were implanted with indwelling intravenous catheters, allowed to recover for one week, and then tested for cocaine self-administration, extinction, and cue-induced reinstatement. Rats were counterbalanced into SPS and control groups as equally as possible from both vendors in Experiment 1 (Harlan: SPS = 12, Control = 12; Charles River: SPS = 12, Control = 12) and Experiment 2 (Harlan: SPS = 10, Control = 11; Charles River: SPS = 6, Control = 8). In Experiment 3, rats were exposed to SPS, implanted with in vivo microdialysis probes, then tested one week later (approximately two weeks after the administration of SPS) for baseline and evoked DA levels in the NAc. In Experiment 3, rats were only purchased from Charles River (SPS = 5, Control = 6).
Experimental timeline
Pavlovian conditioned approach (PCA): apparatus and procedure
Sixteen modular conditioning chambers (24.1 cm width × 20.5 cm depth × 29.2 cm height; MED Associates, Inc.; St. Albans, VT) were used for Pavlovian conditioning. Each chamber was situated in a soundattenuating cubicle equipped with a ventilation fan to provide ambient background noise. Each chamber was equipped with a pellet magazine, a retractable lever (counterbalanced on the left or right side of the magazine), and a red house light on the wall opposite the magazine. The magazine contained an infrared sensor to detect magazine entries, and the lever was calibrated to detect lever deflections in response to 10 g of applied weight. Whenever the lever was extended into the chamber, an LED mounted inside the lever mechanism illuminated the slot through which the lever protruded.
For two days prior to the start of training, rats were familiarized with banana-flavored pellets (45 mg; Bioserv; Frenchtown, NJ) in their home cages. Rats were then placed into the test chambers for one pretraining session during which the red house light remained on but the lever was retracted. Twenty-five food pellets were delivered on a variable time (VT) 30-s schedule (i.e., one pellet was delivered on average every 30 s, but varied 0-60 s). Each trial during a test session consisted of presentation of the illuminated lever (conditioned stimulus; CS) into the chamber for 8 s on a VT 90-s schedule (i.e., the lever was presented on average every 90 s, but varied 30-150 s between CS presentations). Retraction of the lever was immediately followed by the response-independent delivery of one food pellet (unconditioned stimulus; US) into the magazine. The beginning of the next inter-trial interval commenced immediately after pellet delivery. Each test session consisted of 25 trials of a CS-US pairing. All rats consumed all pellets that were delivered. Rats were not food deprived at any point during experimentation.
Single prolonged stress (SPS)
Rats were exposed to the SPS procedure as previously described [33] , and an equal number of control rats were placed in a novel room and left undisturbed for an equivalent time (∼3 h). SPS consisted of the serial application of restraint, forced swim, and ether exposure until general anesthesia. Rats were restrained for two hours, followed immediately by a 20-min forced swim in room temperature (20-25°C) water. Forced swim occurred with eight rats at a time in an 18-gal plastic tub, filled two-thirds from the bottom with water. After the forced swim, rats were dried with towels and allowed to recuperate for 15 min on heating pads. Next, rats were exposed to ether (75 mL) in a container within a fume hood until the loss of consciousness. Serial exposure to all three stressors is critical to the effects of SPS, because partial exposure to some stressors (e.g., restraint and forced swim) or substitution of stressors (e.g., isoflurane for ether) abolishes stress-induced behavioral alterations [34] . Following SPS, rats were returned to the housing colony and left undisturbed in their home cages for seven days prior to PCA training.
Catheterization surgery
Rats were prepared with indwelling i.v. catheters (see Supplemental Experimental Procedures).
Cocaine self-administration
In Experiment 2, cocaine self-administration sessions began one week after surgery. Chambers were equipped with a red house light, two nose-poke ports, and a single-speed syringe pump attached to the door of the sound-attenuating cubicle. Drug-delivery tubing was attached to the syringe pump and connected to rats using a drug-delivery arm mounted above the conditioning chamber. A nose poke into the active port resulted in an i.v. injection of cocaine hydrochloride (0.5 mg/kg/infusion in 25 μL saline delivered over 1.6 s) on a fixedratio (FR) 1 schedule. The light inside the active port was illuminated during a 20-s timeout period following infusions, serving as the CS signaling cocaine infusion. Responses into the inactive port had no consequence. To ensure that all rats received an equal number of drug infusions, and therefore the same number of CS-US pairings, rats were initially allowed to take 10 infusions (i.e., session length was determined by the time to self-administer 10 infusions). This infusion criterion (IC) was repeated for three daily sessions, after which the IC was increased to 20 for 3 daily sessions, and then 40 for 5 daily sessions. Rats that failed to reach criterion (n = 4) or maintain catheter patency (n = 3) were removed from further analysis.
After rats achieved an IC of 40 and showed stable self-administration behavior (as determined by similar daily inter-infusion intervals), they underwent extinction training sessions (60 min) for seven days. During these sessions, the rats remained attached to the infusion pump, however, nose pokes in the active port did not result in CS presentation or cocaine infusion. Rats that performed more nose pokes in the active port during the last extinction session than during the last session of cocaine self-administration (n = 3: SPS = 1, Control = 2) were removed from further analysis. Twenty-four hours after the last extinction training session, rats underwent a cue-induced reinstatement test (35 min) during which the rats remained attached to the infusion pump, the active port CS was illuminated for 5 s noncontingently at the start of the session, and subsequent nose pokes into the active port resulted in CS presentation for 5 s without cocaine infusion.
In vivo microdialysis
Rats were surgically prepared for in vivo microdialysis as previously described [35] to measure baseline and evoked DA levels in the NAc. Commercially available microdialysis probes were used for the experiment (MAB 6.14.2; 2 mm, 15 kDa cut-off PES membrane; SciPro, Inc.; Sanborn, NY). All probes were tested for in vitro recovery less than one week before the day of the experiment. During recovery testing, a Ringer's solution (145 mM NaCl; 2.7 mM KCl; 1 mM MgSO 4 ; 1.2 mM CaCl 2 ; 1.55 mM Na 2 HPO 4 and 0.445 mM NaH 2 PO 4 ; pH = 7.3) was pumped through the probes at a flow rate of 1.5 μL/min. The probes were immersed in a DA standard solution warmed to 37 ± 1°C. Samples were collected every 5 min, and the DA recovery percentage was determined relative to the standard concentration. Only probes that had greater than 10% recovery were used.
Rats were surgically implanted with a unilateral microdialysis guide cannula (MAB 6.14 G; SciPro, Inc.) aimed at the NAc core-medial shell boundary (AP: +1.7 mm, measured from bregma; ML: ± 1.4 mm; DV: −6.8 mm, measured from the skull surface), and a dummy probe extending 2 mm below the guide was inserted. Rats recovered for one week before the microdialysis experiment. The dummy probe was removed one day before microdialysis, and the microdialysis probe was inserted and secured in place. Rats were placed in the microdialysis chamber (Med Associates, Inc.) with food and water provided ad libitum. Ringer's solution was perfused through the probe at a constant rate of 0.4 μL/min overnight and 1.5 μL/min on the day of testing using a Harvard Apparatus pump (Instech Laboratories, Inc.; Plymouth Meeting, MA). On the day of testing, samples were collected every 10 min. After the collection of three consistent baseline samples with stable DA concentration, the perfusion fluid was switched to a high-K + Ringer's solution with a KCl concentration of 75 mM for 10 min. High-K + perfusion is an extraphysiological stimulus that reliably releases DA, which is believed to occur primarily through depolarization-induced exocytosis of synaptic vesicles [36, 37] . Next, the perfusate was switched back to the original Ringer's solution, and samples were collected for an additional 30 min.
DA content of the dialysate was determined using high-performance liquid chromatography with electrochemical detection. A C-18 ESA (ESA Biosciences, Inc.; Chelmsford, MA) column (HR-80 × 3.2; 3 μm particle size, 80 mm length) was used to separate DA in the samples at 27°C by pumping a mobile phase consisting of 75 mM NaH 2 PO 4 , 0.2 mM EDTA, 1.4 mM OSA (1-ocatanesulfonic acid sodium salt monohydrate), and 19% methanol (pH = 4.7) at a flow rate of 0.7 mL/ min. Potentials of −75 mV and 100 mV were applied to a dual coulometric analytical cell (ESA Model #5014B; ESA Biosciences, Inc.), and the latter potential was used to determine DA content. Current in the analytical cell was detected by a Coulochem II/III detector (ESA Biosciences, Inc.).
Statistical analysis
PCA behavior was scored using an index that combines the number, latency, and probability of lever presses and magazine entries during CS presentations [38] . Briefly, we averaged the response bias (i.e., number of lever presses and magazine entries for a session; [lever presses − magazine entries]/[lever presses + magazine entries]), latency score (i.e., average latency to perform a lever press or magazine entry during a session; [magazine entry latency − lever press latency]/8), and probability difference (i.e., proportion of lever presses or magazine entries; lever press probability − magazine entry probability) for each session. The index scores behavior from +1.0 (absolute sign-tracking) to −1.0 (absolute goal-tracking) with 0 representing no bias. In addition, latency of pellet retrieval was measured as the time elapsed between the retraction of the lever-CS and the first magazine entry during the non-CS period.
SPSS (Version 24; IBM, Inc.) was used for all statistical analysis. Repeated measures were analyzed using a linear mixed model with a covariance structure selected using Akaike's information criterion (i.e., the lowest criterion value represents the highest quality statistical model using a given covariance structure). Group differences were analyzed using independent samples t-test or two-way analysis of variance (ANOVA) when appropriate. With significant effects or interactions, multiple comparisons were performed using the Sidak correction.
Results
SPS decreases sign-tracking and increases goal-tracking during the acquisition of PCA behavior
In Experiment 1, SPS was administered one week prior to the start of PCA training. During training, rats were presented with a lever-CS for 8 s followed by the response-independent delivery of a food pellet for 25 trials over five daily sessions. SPS decreased PCA index scores over the five training sessions (Supplemental Fig. 1 ; interaction of Stress × Session: F (1,177.3) = 0.94, p = 0.44), indicating a bias towards goal-tracking. Post-hoc comparisons revealed that differences in PCA index scores between SPS-exposed and control rats presented during Sessions 3-5 (p < 0.05). Averaged PCA index scores from Session 4-5 are routinely used to phenotype rats as sign-trackers (score ≥ 0.5), intermediate-responders (0.5 > score > −0.5), and goal-trackers (score ≤ −0.5). Compared to the control group, the SPS-exposed group had less rats that would normally be classified as sign-trackers and more rats that would be classified as intermediate-responders and goal-trackers (Supplemental Fig. 2 ). Fig. 2 shows that the decrease in PCA index scores in SPS-exposed rats resulted from decreased sign-tracking behavior and increased goaltracking behavior. SPS affected the number (effect of Stress: t (1,46) = 2.28, p = 0.027), latency (effect of Stress: t (1,46) = −2.92, p = 0.005), and probability (effect of Stress: t (1,46) = 2.28, p = 0.026) of lever presses as well as the number (effect of Stress: t (1,46) = −2.35, p = 0.023), latency (effect of Stress: t (1,46) = 2.59, p = 0.013), and probability (effect of Stress: t (1,46) = −2.77, p = 0.008) of magazine entries. In contrast to the effects of SPS on behavior while the lever was extended just before food delivery, SPS had no effect on the latency of rats to enter the magazine after the lever retracted, and all rats ate all pellets during every session (data not shown; effect of Stress: F (1,63.58) = 6.73 × 10 ; interaction of Stress × Session: F (4,150.27) = 1.06, p = 0.38). Moreover, SPS had no effect on magazine entries outside the CS-period (data not shown; effect of Stress: t (1, 46) = 0.12, p = 0.91). These latter findings further suggest that SPS did not produce nonspecific motor deficits or decrease discrimination between conditioned responding during CS and non-CS periods. Moreover, the food itself maintained its motivational value. Thus, SPS decreased cue-directed (sign-tracking) behavior and shifted behavior toward reward-directed (goal-tracking) behavior.
SPS does not affect the expression of PCA behavior
In Experiment 2, rats underwent five daily PCA training sessions, SPS (or control treatment), then a single PCA session to test for the expression of PCA behavior. SPS did not affect the expression of PCA behavior (Supplemental Fig. 3 ; interaction of Session × Stress: F (1, 40) = 0.44, p = 0.83). In other words, after PCA behavior had been acquired, rats were unaffected by subsequent exposure to SPS.
SPS does not affect the acquisition or extinction of cocaine selfadministration, but it decreases cue-induced reinstatement
Following the PCA expression test in Experiment 2, rats were implanted with indwelling i.v. catheters, allowed to recover for seven days, and then trained to nose poke for i.v. infusions of cocaine (US). The infusion of cocaine was paired with the illumination of the active port (CS), and each rat received a fixed number of i.v. cocaine infusions. This protocol was adopted to ensure that all rats received the same number of CS-US pairings. Consequently, group differences in the rate of cocaine self-administration could be determined by the average inter-infusion interval. SPS did not affect the average inter-infusion interval across each IC ( Fig. 3A; After acquisition of cocaine self-administration, rats underwent seven days of extinction training during which active nose pokes did not result in either cocaine-CS presentation (i.e., active port illumination) or cocaine infusion. Fig. 3B shows that SPS did not affect responding to the active port (effect of Stress: F (1,35. ). Twenty-four hours after the final extinction training session, rats were tested for cue-induced reinstatement. During this test, active nose pokes resulted in presentation of the cocaine-CS without cocaine infusion. SPS-exposed and control rats differed in their nose-poke responses during the test for cue-induced reinstatement ( Fig. 3C ; interaction of Stress × Port: F (1,66) = 5.27; p = 0.025). Posthoc comparisons revealed that both SPS-exposed (p < 0.001) and control (p < 0.001) rats performed more active than inactive nose pokes; however, SPS decreased the number of active nose pokes (p < 0.001) while not affecting inactive nose pokes (p > 0.05).
SPS decreases evoked but not baseline DA levels in the NAc
In Experiment 3, a separate cohort of rats were exposed to SPS followed by intracranial implantation of microdialysis probes targeted unilaterally at the NAc (core/medial shell boundary). Following a postsurgical recovery period of seven days (for a total of 14 days after the SPS procedure), DA levels in the NAc of both SPS-exposed and control rats were measured during seven 10-min sampling periods: baseline (Periods 1-3 
Discussion
In the present study, a single exposure to prolonged, uncontrollable stress in rats produced a long-lasting reduction specifically in cue-directed behavior. In Experiment 1, SPS decreased cue-directed behavior (sign-tracking) and increased behavior towards the location of reward delivery (goal-tracking) during the acquisition of PCA behavior; however, SPS did not affect the expression of either sign-or goal-tracking behaviors. In Experiment 2, cue-induced reinstatement of cocaineseeking behavior was decreased without affecting self-administration or extinction. In Experiment 3, SPS decreased DA release within the NAc at a time point comparable to when sign-tracking behavior decreased during the acquisition of PCA behavior. Because the decreased cue-induced reinstatement was observed at an even later time point, our results suggest that SPS-induced reductions in accumbal DA release may endure longer than our measurements in Experiment 3. Given that blocking dopaminergic signaling in the NAc decreases both signtracking and cue-induced reinstatement of cocaine-seeking [31, 39] , these results suggest that reduced dopaminergic activity in the NAc could contribute to SPS-induced reductions in cue-directed behavior at both timepoints and possibly beyond.
Interestingly, SPS (1) increased the acquisition of goal-tracking behavior (and decreased the acquisition of sign-tracking behavior) and (2) did not affect the expression of either sign-or goal-tracking behaviors. Regarding the acquisition of PCA behavior, one possibility is that altered dopaminergic tone within the NAc shifted conditioned responding away from reward-distal cues (e.g., the lever) to rewardproximal cues (e.g., the pellet magazine; [40, 41] ). In addition, SPS may not have affected the expression of PCA behavior, because conditioned approach becomes DA-independent after extended training [42] . Although it is possible that SPS-induced changes in the expression of PCA behavior require a longer incubation period than other behavioral and physiological changes (e.g. 14 days instead of 7 days) the current results are consistent with other previous studies showing that PCA behavior is often much more susceptible to manipulation during acquisition than it is after several days of training [43] .
The fact that SPS decreased sign-tracking behavior and increased goal-tracking behavior during acquisition could have important implications for anhedonia in patients. Many patients with anhedonia enjoy primary rewards, but complain bitterly about not wanting to obtain them [12] . The long-standing definition of anhedonia as the inability to experience pleasure has recently been challenged as accumulating evidence suggests that pursuing rewards involve aspects of "wanting", "liking", and learning [44, 45] . Interest has arisen in the heterogeneity of anhedonia symptoms, leading to sub-classifications such as consummatory anhedonia (i.e., deficits in hedonic responses to reward) and motivational anhedonia (i.e., diminished motivation to pursue reward; [5] ). In the present study, it appears that SPS impairs motivational but not consummatory aspects of reward-seeking behaviors. One limitation of the current study, however, is that pleasure and "liking" cannot be directly measured using PCA and cocaine-self administration procedures. Future studies can explore "liking" by investigating, for instance, how SPS affects behavioral responses to oral sucrose administration [46] .
One striking feature of the SPS-induced decreases in cue-directed behavior is the persistence of the effects over time. The reductions in sign-tracking and evoked dopaminergic activity within the NAc were observed approximately two weeks after SPS, and the decrease in reinstatement of cocaine-seeking behavior was observed five weeks after SPS. Although studies of neurochemical changes after a single stressor tend to focus on acute responses, our findings agree with previous studies reporting long-term effects of "chronic" exposure to repeated stressors over multiple days [47] [48] [49] . In support of this, neither acute restraint stress [28] or ether-exposure [50] alter DA concentrations in the ventral striatum. On the other hand, although acute swim stress increases DA concentrations in the ventral striatum 150 min after Fig. 2 . The lever press and magazine entry number, latency, and probability was averaged during Sessions 4 and 5 in single prolonged stress (SPS)-exposed and control rats. Data are presented as mean and S.E.M. * -p < 0.05, ** -p < 0.01. exposure, DA concentrations return to baseline levels at 210 min [51] . Therefore, it seems that the acute, serial application of all three stressors is critical to producing the observed chronic-like state of reduced dopaminergic activity in the ventral striatum.
The effects of SPS on cue-directed behaviors and DA release within the NAc complement a long line of research demonstrating that reduced DA transmission in the NAc is related to motivational deficits [29, [52] [53] [54] . The effects of stress on DA within the NAc are dependent on the nature and timing of the stress: brief or controllable stressors increase NAc DA release, while prolonged, uncontrollable stressors typically decrease NAc DA release [26] . Our finding that SPS falls into the latter category agrees with other reports that SPS reduces behavioral sensitization to methamphetamine, cocaine-conditioned place preference and sucrose preference, and striatal dopamine content [55, 56] , though there may be heterogeneity in individual responses to SPS [57] . However, it should be noted that the temporal and spatial resolution of in vivo microdialysis does not permit isolation of DA release on subsecond timescales. In future studies, fast-scan cyclic voltammetry can be used to more precisely measure DA release in the NAc, for instance, surrounding CS and US presentations during PCA training. Similar to our results, patients experiencing anhedonia have reduced activity in the ventral striatum during reward conditioning [58] . Even after recovery from neuropsychiatric disorders characterized by anhedonia, many patients still have reduced activity in the ventral striatum in response to reward-related sensory cues, despite subjectively rating the pleasantness, intensity, and desirability of the rewarding stimulus the same as control subjects [59] . Clinically, increasing neural activity in the NAc through deep brain stimulation [60] or administering DA agonists [61, 62] have been shown to have promotivational effects and reduce anhedonia in patients. Our results provide insight into behavioral and neurobiological mechanisms explaining the utility of these treatments, and suggest that future investigations of anhedonia should focus on restoring cue-directed incentive motivation in patients suffering from PTSD and other neuropsychiatric disorders.
Conclusion
In the present study, we demonstrated that SPS decreases two forms of cue-directed behavior: the acquisition of sign-tracking during a PCA procedure and cue-induced reinstatement of cocaine-seeking. Importantly, reward-directed behaviors, such as the consumption of food pellets or self-administration of cocaine were relatively unaffected by exposure to SPS. In addition, we demonstrated that SPS decreases DA release in the NAc, which may underlie the observed reductions in sign-tracking and cue-induced reinstatement, especially given that both behaviors are dependent on dopaminergic activity in the NAc. These Fig. 3 . Single prolonged stress (SPS)-exposed (n = 16) and control (n = 19) rats underwent acquisition, extinction, and reinstatement of cocaine self-administration. (A) Cocaine self-administration involved cocaine infusion and presentation of a conditioned stimulus (CS) following an active (but not inactive) nosepoke, and rats received a set number of cocaine infusions: 10 (3 days), 20 (3 days), and 40 (5 days) infusions/session. Because rats only had to nose poke one time in the active port to receive a cocaine infusion, the average inter-infusion interval (III) provides a more informative description on the acquisition of cocaine self-administration. (B) Extinction training lasted seven sessions (60 min), during which active nose pokes no longer resulted in cocaine infusion or cocaine-CS presentation. (C) During the cue-induced reinstatement test (35 min), active nose pokes now resulted in presentation of the cocaine cue. Inactive nose-pokes never resulted in cocaine infusion or cocaine-CS presentation during acquisition, extinction, or reinstatement. Data are presented as mean and S.E.M. *** -p < 0.001. findings have important implications for classifying and treating anhedonia observed in PTSD and other neuropsychiatric disorders by suggesting uncontrollable stress impairs cue-directed motivational, but not consummatory, aspects of reward-seeking behavior.
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